Deep eutectic solvents (DESs) composed of resorcinol, 3-hydroxypyridine and tetraethylammonium bromide were used for the synthesis of hierarchical nitrogendoped carbon molecular sieves. DESs played a multiple role in the synthetic process: the liquid medium that ensured reagents homogenization, the structure-directing agent responsible for the achievement of the hierarchical structure, and the source of carbon and nitrogen of the solid sorbent obtained after carbonization. Thus, the synthesis offers an economy of reagents that emphasized the green aspects and low cost of conventional polycondensations. Interestingly, while macropores facilitated mass transport and accessibility to the surface area, the combination of molecularsieve-structure and nitrogen functionalization provided, respectively, excellent CO 2 -adsorption capacities -of up to 3.7 mmol/g -and outstanding CO 2 -N 2 selectivities -of up to 14.4 from single component gas data. Nonetheless, the CO 2 -N 2 selectivity in the Henry law regime -representative of post-combustion flue-gas streams -of some of our carbons was particularly remarkable (e.g. 96), in range to or even higher than those described for most recent carbons and only surpassed by certain zeolites.
Introduction
Mitigation of global climate change needs of an urgent and drastic reduction of carbon dioxide emission from combustion of fossil fuels. Among other technologies, 1 The formation of eutectic mixtures (described as either deep eutectic solvents -DESs -by Abbott and coworkers, 19, 20, 21, 22 or low-transition-temperature mixturesLTTMs -by Kroon and coworkers) 23 using some of the most typical synthetic precursors for carbon preparation has also opened interesting perspectives in this field. For instance, the use of DESs based on mixtures of resorcinol (Re) and choline chloride (ChCl) allowed, upon polycondensation with formaldehyde and without the use of further additives, the formation of monolithic carbons built of highly crosslinked clusters that aggregated and assembled into a stiff and interconnected hierarchical structure. 24 In this case, the bicontinuous porous structure was obtained via a spinodal decomposition process where one of the components forming the DES (e.g. Re) acted as precursor of the polymer phase while the second one (e.g. ChCl) was segregated into the polymer depleted phase. The high conversion in which resorcinol becomes the material itself and the feasible recovery of ChCl -and hence, its reuse in subsequent reactions -make DES-assisted syntheses very efficient in terms of reagent economy. 25 Interestingly, the wide range of DES that can be prepared from not only resorcinol but also other synthetic precursors provides a remarkable versatility -in both structural and compositional terms -to the carbons that can be obtained through this synthetic approach. 26, 27, 28, 29 For instance, and with regard to the preparation of carbons for CO 2 adsorption, we have recently reported how hierarchical nitrogendoped carbons (HNCs) can be obtained upon the use of DES containing resorcinol and 3-hydroxypyridine (Hy) 30 while DES containing resorcinol and 4-hexylresorcinol can form hierarchical carbon molecular sieves (HCMSs). 31 Both materials were suitable as CO 2 adsorbents, with sorption capability and selectivity in range to those reported for other sorbents.
Herein, we further explored the versatility of DES-assisted syntheses for preparation of hierarchical nitrogen-doped carbon molecular sieves (HNCMSs). The
DESs of choice were composed of Re, Hy and tetraethylammonium bromide (TEA) with 1:2:1 and 1:3:1.75 molar ratios. DESs formation was studied by 1 H NMR spectroscopy and differential scanning calorimetry (DSC). Compared to our previous work on HNCs, the Hy to Re molar ratio at DES was increased from 1:1 30 to either 1:2 or 1:3. This approach, in combination with the investigation of different carbonization temperatures (e.g. 450, 500, 600, 700, and 800°C) 32, 33 allowed enhancing the nitrogen content of the resulting carbons and hence, their CO 2 -sorption capabilities.
Furthermore, we herein report on the use of TEA-based DESs for the formation of carbons with a molecular-sieve-like microporous network, inspired by its common use as structure directing agents in zeolites 34, 35 and HCMS preparation. 31 Formaldehyde addition promoted Re and Hy polycondensation, the extension of which was assessed by 13 C NMR and FTIR spectroscopies. The macroporous structure of the carbons resulting after thermal treatment in nitrogen atmosphere was studied by scanning electron microscopy (SEM) while the microporous textural properties were evaluated by gas adsorption (N 2 at 77K and CO 2 at 273K). The CO 2 adsorption capability of the resulting carbons was investigated from equilibrium adsorption isotherms at 25°C, evaluating the CO 2 /N 2 selectivity at the equilibrium, using Henry constants and the Ideal Adsorbed Solution Theory (IAST) equation.
Experimental Part Preparation of deep eutectic solvents (DESs)
DESs ( 
Preparation of carbons
DES-ReHy12 and DES-ReHy13 were mixed with an aqueous solution of formaldehyde (37 wt%) for a F/(Re + Hy) molar ratio of 2.0. Polycondensations were catalysed by addition of 15.7 µL Na 2 CO 3 dissolved in water (140 mg/mL) per mmol of carbon precursor (e.g. Re+Hy). The DES content in the aqueous dilution obtained after catalyst addition was 59.5 and 62.2 wt% for DES-ReHy12 and DES-ReHy13, respectively. After stirring for 5 min, the resulting mixtures were aged for two hours at room temperature and, afterwards, thermally treated (first 6 h at 60°C and then, 7
days at 90°C) in closed containers to prevent solvent evaporation. The resulting gels were washed three times in water (35 mL) for TEA recovery. The washed gels were thermally treated under N 2 atmosphere to 210°C for 4 h and then either to 450, 500, 600, 700, or 800°C for another 4 hours (the heating ramp was 1.0°C/min). The resulting carbons were named as C ReHynm @Z where n and m stand respectively for the relative molar equivalents of Re and Hy, and Z for the temperature used for carbonization.
Samples characterization
DSC traces were obtained using a TA Instruments Model DSC Q-100 system.
The samples were run under nitrogen atmosphere on an aluminium pan in a sealed furnace, stabilized for 5 min at 20°C, and then cooled to -90°C before heating at a rate of 5°C/min. 1 H NMR spectra were recorded on a Bruker spectrometer DRX-500. DESs were placed in capillary tubes, using deuterated chloroform (CDCl 3 ) as an external reference (the deuterium signal was used for locking and shimming the sample). FTIR spectra were recorded on a BrukerModel IFS60v. Solid-state 13 C-CPMAS-NMR spectra were recorded on a BrukerAV-400-WB spectrometer, using a standard crosspolarization pulse sequence. The morphology of the resulting carbons was studied by scanning electron microscopy (SEM) using a SEM Zeiss DSM-950 instrument.
The nanotexture of the prepared carbons was characterized by measuring the Adsorption-desorption isotherm measurements of N 2 and CO 2 were also performed at ambient temperature (298 K) in the pressure range of 0.1-900 Torr using the above-mentioned outgassing conditions. The analyser was equipped with a pressure transducer of capacity 1000 mmHg (accuracy within 0.15% of reading). Strict analysis conditions were programmed during the gas adsorption measurements to assure equilibrium data in all gases, while each isotherm measurement was performed in duplicate to guarantee the accuracy of the experiments (error was below 0.1%) and to obtain reproducible data. During the analysis, the adsorption temperature was maintained using a circulating-oil bath at a constant temperature. Air Products supplied all gases with an ultrahigh purity (i.e., 99.9992%). The Henry's constants were obtained by fitting the adsorption data to a Virial-type expression:
where P is the pressure, V is the adsorbed amount, T is the temperature, and Ai are the Virial coefficients required to adequately describe the isotherms. From these results, the Henry's constant (k H ) can be calculated as:
The Henry's law selectivity for gas component i over j at a given temperature was calculated using the equation S ij = K Hi /K Hj . The selectivity, as the ratio between the single gas uptake obtained from the equilibrium adsorption data, was measured at 25°C and 1 atm and under equilibrium conditions.
IAST was used to predict binary mixture adsorption from the experimental pure-gas isotherms. 37 The integration required by IAST was achieved by fitting the single-component gas isotherms to the Jensen equation. 38 Typical conditions of flue gases in post-combustion processes (e.g. Elemental analyses were carried out in a LECO CHNS-932 Analyser. The technique involved sample combustion at 1000°C in an oxygen rich environment. The products of combustion (CO 2 , H 2 O, and N 2 ) were carried through the system by He carrier gas. The combustion products were measured quantitatively by means of a non-dispersive IR absorption detection system, except for the N 2 that was determined via a thermal conductivity detector (TC).
Results and Discussion
As mentioned above, the DESs of choice (e.g. DES-ReHy12 and DES-ReHy13)
were based on ternary mixtures of Re, Hy and TEA in two different molar ratios ( S1 and Table 1 ).
Polycondensation of DES-ReHy12 and DES-ReHy13 was confirmed by 13 C NMR and FTIR spectroscopies (see Fig. S2 and S3, respectively). According to these spectra (see supporting information for a detailed discussion of peaks assignment), polycondensation proceeded as recently described for similar Hy-based DES prepared with ChCl rather than with TEA. 30 Briefly, Re and Hy -forming part of the DES -were co-condensed by addition of an aqueous solution of formaldehyde and Na 2 CO 3 . We have previously described how this addition caused partial DES dilution, the occurrence of which was actually beneficial for polycondensation because of the further availability of Re and Hy. 24, 30, 39, 40, 41 The excellent carbon conversions (e.g. 51-81%, see Table 2 ) obtained after carbonization -in N 2 atmosphere -of the washed gels confirmed the occurrence of co-condensation between Re and Hy. Actually, conversions at carbonization temperatures between 450 and 700°C (see C ReHy12 @450, C ReHy12 @500, C ReHy12 @600, C ReHy12 @700, C ReHy13 @450, C ReHy13 @500, C ReHy13 @600, and C ReHy13 @700 in Table 2) were in the range of those found for self-condensation of Re, 24 and only experienced a significant decrease when the carbonization temperature was 800°C (C ReHy12 @800 and C ReHy13 @800 also in Table 2 ). It is worth noting that the use of Hy allowed the formation N-doped carbons, the nitrogen content of which (see Table 1 ) depended on both the Re/Hy molar ratio used for DES preparation and the carbonization temperature. Thus, as a general rule, low Re/Hy molar ratios rendered N-doped carbons with high nitrogen contents regardless the temperature used for carbonization while, for a given Re/Hy ratio, the nitrogen content tended to decrease if the temperature used for carbonization surpasses 600°C. This latter situation was particularly noticeable when the carbonization temperature approaches 800°C, with the subsequent detrimental effect in terms of carbon conversion (Table 2) . Table S1 ). 42, 43 In our case, pyridinic-N, pyrrolic-N or pyridone-N, and quaternary-N (graphitic) 44 were the main nitrogen types found in every sample no matter the thermal treatment. The intensity ratio of pyridinic-N versus quaternary-N groups decreased along with the temperature (within the 450-800°C range) as consequence of the concomitant rearrangement of the carbon network (Fig. 2) . 45 XPS also revealed the presence -as a minor component -of oxidized-N in every sample.
The resulting carbon monoliths exhibited a bicontinuous macroporous network, resembling that obtained by means of spinodal decomposition processes (Fig. 3) . In our case, Re and Hy co-condensation resulted in the formation of a polymer-rich phase that was accompanied by the segregation of the non-condensed matter -e.g. TEA. The presence of a further pore network -e.g. within the meso or micropore range -was investigated by gas adsorption using different probes (N 2 at 77 K and CO 2 at 273 K).
Except for C ReHy13 @800, the N 2 uptake at 77 K was negligible in both C ReHy12 and C ReHy13
samples. This feature could be due to either a poor textural development or the presence of narrow micropores through which the diffusion of the gas at cryogenic temperatures is restricted ( Table 2 ). The latter was confirmed by CO 2 adsorption isotherms at 273 K using the application of the Dubinin-Radushkevich and StoeckliBallerini equations to calculate the micropore volume (W 0 ), and the characteristic energy of adsorption (E 0 ) and average micropore size (L), respectively (Table 2) . 46, 47, 48 We observed that, as a general trend, the use of high carbonization temperatures resulted in carbons with smaller micropore diameter and higher micropore volume.
Thus, the hierarchical porous structure was composed of macro-and micropores in every case.
The CO 2 adsorption capacity of C ReHy12 and C ReHy13 at both 273 and 298 K were similar for samples carbonized at the same temperature. For instance, both C ReHy12 @800 and C ReHy13 @800 reached CO 2 uptakes of ca. 3.7 mmol/g at 273 K and of ca. 2.7 mmol/g at 298 K (Fig. 4 , Table 2 ). Meanwhile, the CO 2 uptake decreased from 3.7 to 1.7 mmol/g at 273 K and from 2.7 to 1.2 mmol/g at 298 K along with the temperature used for carbonization (Table 2 ). Besides the CO 2 adsorption capacity, we also explored the selectivity of CO 2 versus N 2 adsorption at 298 K. In this case, the carbons carbonized at low temperatures (e.g. 450-500°C, see Table 3 ) exhibited the best CO 2 /N 2 selectivity. CO 2 /N 2 selectivity was also evaluated in the Henry law regime that accounts for the low partial pressure region and, hence, can be representative of flue-gas streams characteristic of post-combustion and natural gas fields. Besides the screening of the gas adsorption selectivity at low partial pressures, the Henry's law constant, k H , can also provide a preliminary assessment of gas-solid interactions because it is related to the gas-adsorbent affinity at infinite dilution. 49 For instance, both C ReHy12 and C ReHy13 exhibited k H values for CO 2 that increased along with the temperature used for carbonization in agreement with the CO 2 adsorption capacities described above. With regard to the CO 2 /N 2 selectivity, every carbon exhibited k H values for CO 2 , at least, 40-fold higher than their respective k H values for N 2 . The CO 2 /N 2 selectivity reached the highest values in carbons obtained at 500°C (see C ReHy12 @500 and C ReHy13 @500 in their respective series at Table 3 ). Nonetheless, it is worth mentioning the exceptional value of ca. 96 reached by C ReHy13 @700 (see Table 2) most likely due to the favourable combination of very narrow micropores (0.50 nm in diameter) with yet high nitrogen content (7.1 wt %). In any case, the low k H value found for N 2 in every carbon was indicative of a pronounced size exclusion effect that typically results when the porous morphology resembles that of molecular sieves, that is, bottleneck-type with wide pore bodies (of around 0. processes carried out at low pressures. Nonetheless, it is worth noting that the CO 2 adsorption capacity of both C ReHy12 @500 and C ReHy13 @500 was just moderate (e.g. 2.3 and 2.5 mmol/g at 273 K, respectively) as compared to that of samples carbonized at 800 °C (see Table 2 ).
At this stage, we considered convenient to compare the performance of the (Table 3) . Interestingly, the CO 2 /N 2 selectivity of HNCMSs carbonized at 450 and 500°C exhibited a superior performance than any of the carbons obtained from DESs at 800°C, neither those herein reported nor previous ones.
To understand these findings, we need to recall that the size and functionality (e.g. nitrogen moieties) of the pores, and the micropore volume are the main parameters governing both the CO 2 -uptake capacity and selectivity. 53 Thus, when adsorption follows a volume filling mechanism, micropores of small diameters (ca. below 0.8 nm) favoured CO 2 uptake because of the enhanced adsorption potential in the walls of these narrow micropores. 54, 55 In these cases, the larger the micropore volume, the higher the CO 2 -uptake capacity. Furthermore, it is widely accepted that the CO 2 -uptake capacity enhances with the presence of nitrogen functionalities because the affinity adsorbent-probe is favoured via specific interactions. This is why, besides pore size, nitrogen functionalities play a critical role -more than micropore volume -for the preferential adsorption of CO 2 versus other gases -e.g. CO 2 /N 2 selectivity. Thus, N-doping has been largely envisaged to promote the selective adsorption of acidic gases (e.g. CO 2 ) versus non-acidic ones (e.g. N 2 ). Moreover, selective adsorptions may be controlled by the size of the pore entrances that discriminates between molecules of different sizes (molecular sieving effects) due to kinetic and/or accessibility restrictions. In this latter case, the narrower is the micropore entrance, the more selective is the adsorption of gases having small kinetic diameters (e.g. 0.33 nm for CO 2 ) over those having large ones (e.g. 0.36 nm for N 2 ).
According to this discussion, we could conclude that in our samples, where the pore diameter was always below 0.6 nm, the micropore volume prevailed over nitrogen functionalities as the main factor governing the CO 2 adsorption capacity (Fig. 5) .
Actually, an approximately linear relationship could be observed when the CO 2 adsorption capacity of our carbons was plotted against the micropore volume (Fig. 5) .
Meanwhile, the nitrogen content seemed to play a more critical role with regard to the CO 2 /N 2 -selectivity performance. Actually, those carbons with the highest nitrogen contents always exhibited the best performance in terms of CO 2 /N 2 -selectivity, both at equilibrium, at low pressures and calculated from IAST simulations. In this latter case, These data revealed that the performance of our carbons in terms of both adsorption capacity and CO 2 -N 2 selectivity was comparable to -or even better thanthose recently reported for the most successful sorbents (Table 3) . 
Conclusions
We have described the preparation of hierarchical porous (bimodal, with micro-and macropores) nitrogen-doped carbons using a DES-assisted synthesis. DESs Carbon HCM-DAH-1
Carbon HCM-DAH-1-900-1
Carbon HCM-DAH-1-900-3 
Figure 2:
XPS N 1s of (left column, from top to bottom) C ReHy12 @500, C ReHy12 @600, C ReHy12 @700, and C ReHy12 @800, and (right column, from top to bottom) C ReHy13 @500, C ReHy13 @600, C ReHy13 @700, and C ReHy13 @800. (green), C ReHy12 @600 (orange), C ReHy12 @700 (blue), and C ReHy12 @800 (red), and (b) C ReHy13 @450 (grey), C ReHy13 @500 (green), C ReHy13 @600 (orange), C ReHy13 @700 (blue), and C ReHy13 @800 (red). 
